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Abstract 

Quantum field theory of space-like particles is investigated in the 
framework of absolute causality scheme preserving Lorentz symmetry. It 
is related to an appropriate choice of the synchronization procedure (defi- 
nition of time). In this formulation existence of field excitations (tachyons) 
distinguishes an inertial frame (privileged frame of reference) via sponta- 
neous breaking of the so called synchronization group. In this scheme 
relativity principle is broken but Lorentz symmetry is exactly preserved 
in agreement with local properties of the observed world. It is shown 
that tachyons are associated with unitary orbits of Poincare mappings 
induced from SO{2) little group instead of SO{2, 1) one. Therefore the 
corresponding elementary states are labelled by helicity. The cases of the 
helicity A = and A = ±^ are investigated in detail and a correspond- 
ing consistent field theory is proposed. In particular, it is shown that 
the Dirac-like equation proposed by Chodos et al. |Q| , inconsistent in the 
standard formulation of QFT, can be consistently quantized in the pre- 
sented framework. This allows us to treat more seriously possibility that 
neutrinos might be fermionic tachyons as it is suggested by experimental 
data about neutrino masses BL W • 



1 Introduction 



Almost all recent experiments, measuring directly or indirectly the electron 
and muon neutrino masses, have yielded negative values for the mass square]^ 
||, It suggests that these particles might be fermionic tachyons. This 
intriguing possibility was written down some years ago by Chodos et al. and 
Recami et al. 

On the other hand, in the current opinion, there is no satisfactory the- 
ory of superluminal particles; especially it is commonly believed that there is 
no respectable tachyonic quantum field theory at present Q. This persuasion 
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direct measurement of the electron neutrino mass is made in several tritium beta de- 
cay experiments. They are sensitive to a small neutrino mass because^the energy release of 
the decay is small. A systematic theoretical analysis of this process g shows that possible 
corrections to experimental result does not suffice to explain the mysterious negative mass 
square. 
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creates a psychological barrier to take such possibility seriously. Even if we con- 
sider eventuality that neutrinos are tachyons, the next problem arises; namely a 
modification of the theory of electro-weak interaction will be necessary in such 
a case. But, as we known, in the standard formulation of special relativity, the 
unitary representations of the Poincare group, describing fermionic tachyons, are 
induced from infinite dimensional unitary representations of the non-compact 
SO(2, 1) little group. Consequently, in the conventional approach, the neutrino 
field should be infinite-component one so a construction of an acceptable local 
interaction is extremally difficult. 

In this paper we suggest a solution to the above dilemma. To do this we 
use the ideas developed in the papers |§] based on the earlier works |ll[ , 
where it was proposed a consistent description of tachyons on both classical and 
quantum level. The basic idea is to extend the notion of causality without a 
serious change of special relativity. This can be done by means of a freedom 
in the determination of the notion of the one-way light velocity, known as the 



"conventionality thesis" 12, |13|. 

The main results of this paper can be summarized as follows: 

• The relativity principle and the Lorentz covariance are formulated in 
the framework of a nonstandard synchronization scheme (the Chang- 
Thangherlini (CT) scheme). The absolute causality holds for all kinds 
of events (time- like, light-like, space-like). 

• For bradyons and luxons our scheme is fully equivalent to the standard 
formulation of special relativity. 

• For tachyons it is possible to formulate covariantly canonical formalism, 
proper initial conditions and the time development. 

• There exists a (covariant) lower bound of energy for tachyons; in terms of 
the contravariant zero-component of the four-momentum this lower bound 
is simply zero. 

• The paradox of "transcendental" tachyons, apparent in the standard ap- 
proach, disappears. 

• Tachyonic field can be consistently quantized using the CT synchroniza- 
tion scheme. 

• Tachyons distinguish a preferred frame via mechanism of the spontaneous 
symmetry breaking ; consequently the relativity principle is broken, 
but the Lorentz covariance (and symmetry) is preserved. The preferred 
frame can be identified with the cosmic background radiation frame. 

• Classification of all possible unitary Poincare mappings for space-like mo- 
menta is given. The important and unexpected result is that unitary or- 
bits for space-like momenta are induced from the S0{2) little group. This 
holds because we have a bundle of Hilbert spaces rather than a single 
Hilbert space of states. Therefore unitary operators representing Poincare 
group act in irreducible orbits in this bundle. Each orbit is generated from 
subspace with SO{2) stability group. Consequently, elementary states are 
labelled by helicity, in an analogy with the light-like case. This fact is ex- 
tremely important because we have no problem with infinite component 
fields. 
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• A consistent quantum field theory for tachyons with helicity A = and 
A = ±i is formulated. 

In the paper iQ the /3-decay amplitude is calculated under assumption that 
neutrino is a tachyon. 



2 Preliminaries 

As is well known, in the standard framework of the special relativity, space- 
like geodesies do not have their physical counterparts. This is an immediate 
consequence of the assumed causality principle which admits time-like and light- 
like trajectories only. 

In the papers by Terletsky Tanaka jl^, Sudarshan et al. Recami 
et al. |l^, ^ and Feinberg pi| the causality problem has been reexamined 
and a physical interpretation of space-like trajectories was introduced. How- 
ever, every proposed solution raised new unanswered questions of the physical 
or mathematical nature p^ . The difficulties are specially frustrating on the 
quantum level (H, 0, |24). 

It is rather evident that a consistent description of tachyons lies in a proper 
extension of the causality principle. Notice that interpretation of the space-like 
world lines as physically admissible tachyonic trajectories favour the constant- 
time initial hyperplanes. This follows from the fact that only such surfaces 
intersect each world line with locally nonvanishing slope once and only once. 
Unfortunately, the instant-time hyperplane is not a Lorentz-covariant notion in 
the standard formalism, which is just the source of many troubles with causality. 

The first step toward a solution of this problem can be found in the papers by 
Chang |2^, |2^, who introduced four-dimensional version of the Tangherlini 
transformations ]28| , termed the Generalized Galilean Transformations (GGT). 
In ]To| it was shown that GGT, extended to form a group, are hidden (non- 
linear) form of the Lorentz group transformations with S0{3) as a stability 
subgroup. Moreover, a difference with the standard formalism lies in a nonstan- 
dard choice of the synchronization procedure. As a consequence a constant-time 
hyperplane is a covariant notion. In the following we will call this procedure of 
synchronization the Chang -Tangherlini synchronization scheme. 

It is important to stress the following two well known facts: (a) the definition 
of a coordinate time depends on the synchronization scheme |2^, ^ , (b) syn- 
chronization scheme is a convention, because no experimental procedure exists 
which makes it possible to determine the one-way velocity of light without use 
of superluminal signals jl^. Notice that a choice of a synchronization scheme, 
different that the standard one, does not affect seriously the assumptions of spe- 
cial relativity but evidently it can change the causality notion, depending on the 
definition of the coordinate time. 

As it is well known, intrasystemic synchronization of clocks in their "setting" 
(zero) requires a definitional or conventional stipulation — for discussion see Jam- 



mer 13 , Sjodin (see also ||3^). Really, to determine one-way light speed it 
is necessary to use synchronized clocks (at rest) in their "setting" (zero)^. On 
the other hand to synchronize clocks we should know the one-way light velocity. 

"^Evidently, without knowledge of the one-way hght speed, it is possible to synchronize 
clocks in their rate only p^ . 
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Thus we have a logical loophole. In other words no experimental procedure 
exists (if we exclude superluminal signals) which makes possible to determine 
unambiguously and without any convention the one-way velocity of light (for 
analysis of some experiments see Will ) . Consequently, an operational mean- 
ing has the average value of the light velocity around closed paths only. This 
statement is known as the conventionality thesis jl^. Following Reichenbach 
|^2j , two clocks A and B stationary in the points A and B of an inertial frame are 
defined as being synchronous with help of light signals if = tA+eAB{t'A — tA)- 
Here Ia is the emission time of light signal at point A as measured by clock A, 
tB is the reception-reflection time at point B as measured by clock B and t'j^ is 
the reception time of this light signal at point A as measured by clock A. The 
so called synchronization coefficient eab is an arbitrary number from the open 
interval (0, 1). In principle it can vary from point to point. The only conditions 
for Sab follow from the requirements of symmetry and transitivity of the syn- 
chronization relation. Note that eab = 1 — £ba- The one-way velocities of light 
from A to B {cab) and from B to A {cba) sue given by 

c c 

CAB = , CBA 



'^£AB '^SBA 

Here c is the round-trip average value of the light velocity. In standard synchro- 
nization Eab = ^ and consequently c = cab for each pair A, B. 

The conventionality thesis states that from the operational point of view 
the choice of a fixed set of the coefficients e is a convention. However, the 
explicit form of the Lorentz transformations will be e-dependent in general. The 
question arises: Are equivalent notions of causality connected with different 
synchronization schemes? As we shall see throughout this work the answer 
is negative if we admit tachyonic world lines. In other words, the causality 
requirement, logically independent of the requirement of the Lorentz covariance, 
can contradict the conventionality thesis and consequently it can prefer a definite 
synchronization scheme, namely CT scheme if an absolute causality is assumed. 

It is very interesting, that in the framework of CT synchronization two old- 
standing theoretical problems |35[] , completely unconnected with tachyons, have 
solutions; namely: (a) the manifestly covariant canonical formalism for relativis- 
tic particle can be found and (b) it is possible to construct a covariant position 
operator and set of covariant relativistic localizable states pa . 



3 The Chang— Tangherlini synchronization 

As was mentioned in Section ^, in the paper by Tangherlini a family of 
inertial frames in 1 -I- 1 dimensional space of events was introduced with the 
help of transformations which connect the time coordinates by a simple (velocity 
dependent) rescaling. This construction was generalized to the 1 -t-3 dimensions 
by Chang |2^, As was shown in the paper |jl^, the Chang- Tangherlini 

inertial frames can be related by a group of transformations isomorphic to the 
orthochronous Lorentz group. Moreover, the coordinate transformations should 
be supplemented by transformations of a vector-parameter interpreted as the 
velocity of a privileged frame. It was also shown that the above family of frames 
is equivalent to the Einstein-Lorentz one; (in a contrast to the interpretation in 
[HI g6|). A difference lies in another synchronization procedure for clocks ||l0|] . 
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In the Appendix we derive realization of the Lorcntz group given in [ pij[ in a 
systematic way 

Let us start with a simple observation that the description of a family of iner- 
tial frames in the Minkowski space-time is not so natural. Instead, it is obvious 
that the geometrical notion of bundle of frames is more natural. Base space 
is identified with the space of velocities; each velocity marks out a coordinate 
frame. Indeed, from the point of view of an observer (in a fixed inertial frame) 
all inertial frames are labelled by their velocities with respect to him. Therefore, 
in principle, to define the transformation rules between frames, we should use, 
except of coordinates, also this vector-parameter, related to velocities of frames 
with respect to a distinguished observer. 

Notice that a distinguishing of a preferred inertial frame is in full agreement 
with local properties of the observed expanding world. Indeed, we can fix a local 
frame in which the Universe appears spherically; it can be done, in principle, by 
investigation of the isotropy of the Hubble constant js^. It concides with the 
cosmic background radiation frame. Thus it is natural to ask for a formalism 
incorporating locally Lorentz symmetry and the existence of a preferred frame.^ 

Below we list our basic requirements: 

1. Coordinate frames are related by a set of transformations isomorphic to 
the Lorentz group (Lorentz covariance). 

2. The average value of the light speed over closed paths is constant (c) for 
all inertial observers (constancy of the round-trip light velocity). 

3. With respect to the rotations and x transform as 5*0(3) singlet and 
triplet respectively (isotropy). 

4. Transformations are linear with respect to the coordinates (affinity). 

5. We admit an additional set of parameters u (velocity space — the base 
space for the bundle of inertial frames). 

We see that assumptions |^-^ are the standard ones. In the following we con- 
sider also two distinguished cases corresponding to the relativity principle and 
absolute causality requirements respectively. Hereafter we shall use the natural 
units c = h = I. 



3.1 Poincare group transformation rules in the CT syn- 
chronization 

According to our assumptions, transformations between two coordinate frames 
x'^ and x"^ have the following form 

x'iu')=D{A,u){x{u) + a). (1) 

Here D{A, u) is a real (invertible) 4x4 matrix, A belongs to the Lorentz group 
and is assumed to be four- velocity of distinguished frame, i.e., it transforms 
like dx^ 

u' = D{A,u)u. (2) 

^Frequently, the notion of preferred frame is associated with a violation of Lorentz invari- 
ance [B8| but in our case the Lorentz invariance is assumed to be exact. 
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The are translations in the frame x'^{u). It is easy to verify that the trans- 
formations (|l|)-(^ constitute a reahzation of the Lorcntz group if the following 
composition law holds 

D (A2, D{Ai,u)u) D{Ai,u) = ^(AaAi, u). (3) 

Now, because u^^ is assumed to be four-velocity of an incrtial frame, it must 
be related to a time-like Lorentzian four- velocity^ ue {u^e — 1)! subscript E 
means Einstein-Poincare synchronization^ (EP synchronization), where ue has 
the standard transformation law 

u'j^ = KuE. (4) 

Let us denote the intertwining matrix by T{u), i.e. 

Ue — T^^{u)u. (5) 

Therefore the explicit form of -D(A, u) satisfying the assumptions (see 
also the Appendix) is 

D{K,u)^T{u')KT-\u), (6) 

where 



T{u) 





b{u)u^ 





I 



(7) 



Here h{u) is rotationaly invariant function of u\ the superscript denotes trans- 
position. Furthermore, the transformed four-velocity u' is determined from the 
relation (||) and the transformation law (^. Thus the square of the line element 

ds^ = g^,u{u)dx'' dx"" (8) 

with 

g{u) = {T{u)r^T'^{u)y\ (9) 

where the Minkowski tensor 77 — diag(-|-, — , — , — ), is invariant under the trans- 
formations (|^)-(^). Now, by means of (||) for null geodesies, it is easy to calculate 
the light velocity. To do this let us notice that 

= g^,u{u)u^'u'' = 1. (10) 

The velocity of light propagation in a direction n {fp — 1) reads 

n 



1 -t- nub{u) 



(11) 



*Both u and ue must be related to the quotient space 50(3, l)/5'0{3) — the base space 
of the frame bundle under consideration. 

'''In the papers by Ch ang ]25| p6| p^] it was used some kinematical objects with an unproper 
physical interpretation |39l E^.^ For this reason we should be precise in the nomenclature 
related to different synchronizations. 
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so the Reichenbach synchronization coefficient takes the form 

e{n, u) = - (1 + nub{u)) . 



(12) 



Therefore the function b{u) distinguishes between different synchronizations. 
The most interesting choices of b{u) correspond to the Einstein-Poincare syn- 
chronization and to the Chang-TangherUni one. 

In the first case (EP), b{u) = 0, i.e. T{u) = I, so g{u) = rj, c = ce = n and 
X = xe, u = ue with the standard transformation law (jj). 

Now, the CT case is obtained under condition that the instant-time hyper- 
plane = constant is an invariant notion, i.e. that a;'° = D{A, u)'^qx'^ so 
D{A,u)^i. = 0. Thus from eqs. (||), @) we have in this case 

b{u) = -u°. 



In the following we assume the CT synchronization defined by eq. ([1 
case 



T{u) = 










I 



(13) 
In this 

(14) 



Thus the interrelation between coordinates in EP and CT synchronizations is 
given by 



a;° + vPux, Xe 



(15) 



i.e. the essential difference is in the coordinate time definition. 

Now, by means of (^) and (|lj), we have determined the form of the matrix 
D{A,u) (i.e. the transformation law (0)-(§)); namely 

for rotations R £ SO{3) C SO{3, 1) 

D{R,u)=(^^]; (16) 




for boosts 



D{W,u) = 








-W 


1 + 


(i+Vi+(w)2) 



(17) 



Here is the four- velocity of the primed frame (a;') with respect to the initial 
one {x)f\ We see that absolute causality can be introduced in our framework 
because the coordinate time is rescaled only by the positive factor -rmr, i.e. 



WO 



(18) 



ds 



where dX is the displacement of the origin of the primed frame in the 



•^I.e. 

time dX'^ and can be expressed by u and u' = D{W, u)u as follows 

(«o + «'°)(«-«') 

70' 



W 



. 



W 



u' 



[l + u'^u'°{l+uu')\ ■ 
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Moreover, taking = u'^, we can check from that is the four- velocity 
of a distinguished (provileged) inertial frame (fixed hy u — (1,0,0,0)) as seen 
from the unprimed frame (x). 

Now, the covariant metric tensor g{u) (0) takes the form 



while the contravariant one reads 



(u0)2 




vPu 


-I 



(19) 



(20) 



so the square of the length has the Euclidian form dP = ~g^^ dx^ dx^ — dx^ 



Furthermore, the light velocity c is given by 



1 — fiuvP 

and we can check that (|c|) dosed path = 1- 

Now, by means of relations between differentials (see dlq)) 



(21) 



dx^ = dx^ + vPudx, 



dxi 



dx. 



(22) 



we obtain interrelations between velocities in both synchronizations; namely 

VE 



1 



VE 



1 + vuu" 



(23) 
(24) 



Notice, that for \v\ > |c| the above formulas have a singularity. 

We can also express the transformation matrix ([l7| ) by means of the velocities 

w 



a — and V — via the relation 



-{vy 



with 



70 



i(l + Vl + (2a)2) 



1/2 



(25) 



(26) 



Finally, let us notice that a second rank tensor, say 9^^, transforms under 
the transformation law (0)-(|2|) according to 

e'{u') = D(A, u)6(u)D-^{K, u). (27) 

Therefore, taking into account the triangular form (|6[)-([l^) of Z?(A, u), it is 
easy to see that the following conditions are invariant under ( p7| ) 

1. = (this imphes 6'°o = const); 

2. 9^k = 0, ^^''o = const, — aS^j, where a is a scalar function. 

The second condition in the form = 0, 9^j = is crucial for construction 
of a covariant canonical formalism for tachyons. This will be done in the Sec. 3.3. 
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3.2 Causality and kinematics in the CT synchronization 

In CT scheme causality has an absolute meaning. This follows from the trans- 
formation law (|l^) for the coordinate time: is rescaled by a positive, velocity 
dependent, factor Thus this formalism extends the EP causality by allow- 
ing faster than light propagation. It can be made transparent if we consider the 
relation derived from eq. ( p^ ) 

dxo ^28) 



dx°E 



For \ve\ < 1 we have > 0, so the EP and CT causality coincide in this case. 

Nevertheless for \ve\ > 1, the sign of is indefinite which is a consequence 
of an inadequacy of the EP synchronization to description of faster than light 
propagation. On the other hand in the CT synchrinization framework, by means 
of the eq. (p^, each time interval Aa;*^ is observer- independent, so there are no 
causal problems for tachyons. 

Let us consider in detail a free particle case associated with a space-like 
geodesies. The corresponding action S is of the form 

5*12 = / ' ^/-ds■^ (29) 

where the square of the space-like line element 

ds'^g,,{u)^^dX^<0 (30) 

and the continuous affine paramenter A is defined along the trajectory as mono- 
tonically increasing as one proceeds along the curve in a fixed direction. 

The equations od motion are obtained by means of the variational principle 
and reads 



AM 



dX \y/-g^,^{u)xf'x'' _ 



(31) 



with i'' = = w'^. Now, we are free to take the path parameter as dX — 
V—ds"^, so the four-velocity w'' satisfies 

= g^,{u)wt'{u)w''{u) = -1 (32) 

and consequently 

wf' = it^ ^ 0. (33) 



Let us focus our attention on the constraint ( |32| ) . Obviously it defines an one- 
sheet hyperboloid; in particular in the preferred frame (for u = u = (1,0, 0, 0)) 
<?A"'(^) — "Hp-vi so ri^^w^{u)w'^ (u) = —1, like in the Einstein synchronization. 
However, there is an important difference; namely under Lorentz boosts the 
zeroth component w^{u) of is rescaled by a positive factor only (see eq. 
(p^) i.e. w' {u') = pp7rw°(u). Therefore, contrary to the Einstein-Poincare 
synchronization, in this case points of the upper part of the hyperboloid (p2[) 
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(satisfying w^{u) > 0) transforms again into points of the upper part. This 
ahows us to define consistently the velocity of a tachyon: 



dx 



w 



(34) 



because now, for each observer, the tachyon speed is finite (i.e. \v\ < oo, w'^ > 0). 
We see that the infinite velocity is a limiting velocity, like in the non-relativistic 
case (it corresponds to w° = which is an invariant condition) . Notice that the 
constraint relation (^2|) implies that velocity of a tachyon moving in a direction 
n is restricted by the inequality 



|c1 



1 — nuu' 



< \v\ < CO. 



(35) 



Furthermore, the transformation law for velocities in the EP synchronization, 
derived from (|), (|), (0) reads 



I 



\ 



1 + Vi + (^)^ 



- u^{uv) - 1 



(36) 



We see that the transformation law (|3^) is well defined for all velocities (sub- 
and super luminal). Recall that in the EP synchronization the corresponding 
transformation rule reads 



VE 



We ( 



1 _ Weve 

^ (T+W|) 



W° - Weve 



(37) 



We observe that the denominator in the first part of the above transformation 
rule can vanish for \ve\ > 1. Thus a tachyon moving with 1 < \ve\ < oo 
can be converted by a finite Lorentz map into a "transcendental" tachyon with 
\v'e\ — cx). This discontinuity is an apparent inconsistency of this transformation 
law; namely in the EP scheme tachyonic velocity space does not constitute a 
representation space for the Lorentz group. A technical point is that the space- 
like four- velocity cannot be related to a three- velocity in this case by the relation 
Ve = ^1 because can take the value zero for a finite Lorentz transformation. 

Concluding, in the CT synchronization the problem of "transcendental" ta- 
chyons does not appear — contrary to the eq. (p7|), the transformation law ( ^6|) 
is continuous, does not "produce" "transcendental" tachyons and completed by 
rotations, forms (together with the mapping u — > u') a realization of the Lorentz 
group and the relation of v to the four-velocity is nonsingular. 



3.3 Canonical formalism 

Let us identify the Lagrangian of a free tachyon related to the action (^9|); by 
means of the formulas (p^), (p|), (p3) we have 



(1 



(38) 
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Thus the canonical momenta read 



dL kIv'' — u''u"{l + u'-'uv)] 

TTk = TT-r = , — —KUJk (39) 



where we have used eq. (^2|). The Hamiltonian 

H = TTkV - L= ^ ' = +KUJO (40) 

y/{v)^ - (1 + U^UVy 

Therefore the covariant four-momentum of tachyon can be defined as 

ko = H = KLOq, fc = — TT = KLO (41) 

i.e. kfj, = KLV^. 
Notice that 

fc2 ^ gf'''(u)kf,k^ = -K^ (42) 

and the energy H = kwq has in each inertial frame a finite lower bound corre- 
sponding to \v\ — *■ oo, i.e. 



yi-(v/T~KFcos0)' 



where cos 6 = ^tp= . 

Therefore, contrary to the standard case, the energy of tachyon is always 
restricted from below by £{u'^,4>) > —oo. Moreover, if we calculate the con- 
travariant four-momentum fc^ = g^'^{u)ku = kcj'' we obtain that 

> (44) 



yj{vf -{1 + vPuvf 

which confirm our statement that the sign of fc" is Lorentz invariant also for 
tachyons (recall the transformation law (p^)). In terms of k the zeroth compo- 
nents of k read 

k° = U°yJ{ukY + {\k |2-k2), (45) 

fco = ^ (-uk + v/("fc )2 + (Ifc |2 - (46) 
and the range of the covariant momentum fc is determined by the inequality 

|'^|^"tK&)T' '''' 

i.e. values of |fc | lie outside of the oblate spheroid with half-axes k and kvP and 
with the symmmetry axis parallel to u. 

Now, the Hamilton equations have the form 

dx dH dko k ^ 
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From the second equation it follows that ^ = 0. 

Furthermore, the most general Poincare covariant Poisson bracket reads 

where C'V is a second rank tensor. Because we assume parity and translational 
invariance, its most general form is 

where a, b, d, e, / are Lorentz scalars. 
Notice that (50) imply 

However, we should demand 

{x°,K} = i.e. C^^ = 0, (51) 

{x\kk}^-6\ i.e.C\^-5\, (52) 

as well as 

K,M = |r ■^■^■C'^-Y,- (53) 

The first condition tells that the coordinate time i = a;*^ is not any dynamical 
variable, but a dynamical parameter. The second one is evidently the statement 
that X and tt — — fc are canonically conjugated. Finally the last requirement 
follows from the Hamilton equations (|4^)-(^). The above conditions determine 
the Poisson bracket ( |50| ) which takes the form 

with uk = Ufj_k'^ ~ uq/c^; this last equality follows from the fact that ~ 
gkiL(u)u^ = 0. 

It is easy to see that the Poisson bracket defined by the relation (|^ satisfies 
all necessary conditions: 

• It is linear with respect to the both factors, antisymmetric, satisfying the 
Leibniz rule and fulfill the Jacobi identity. 

• It is manifestly Poincare covariant in the CT synchronization (recall the 
comment after the eq. (^7|)). 

• It is consistent with all canonical conditions (^l])-(j5^). 

• It is easy to check that the tachyonic dispersion relation (^2|), A;^ — —k^, 
is consistent with this bracket, i.e. {k^, k^} — = 0; therefore we 
do not need to introduce a Dirac bracket. 

It is clear that in analogous way we can construct canonical formalism for 
bradyons (fc^ = m?) in the CT synchronization. We also are able to introduce 
in this scheme a covariant position operator on the quantum ground p6|. 



12 



3.4 Synchronization group and the relativity principle 

From the foregoing discussion we see that the CT synchronization prefers a 
privileged frame corresponding to the value u = 0. It is clear that if we forget 
about tachyons such a preference is only formal; namely we can choose each 
inertial frame as a preferred one. 

Let us consider two CT synchronization schemes, say A and B, under two 
different choices of privileged inertial frames, say "Ea and S^. Now, in each 
inertial frame S two coordinate charts xa and xg can be introduced, according 
to both schemes A and B respectively. The interrelation is given by the almost 
obvious relations 

XB=T{u'')T-\u^)xA, (55) 
u"" =D{Aba,u'')u'', (56) 

where u"^ is the four-velocity of T,a {'^b) with respect to S. T{u) is given 
by the eq. (|l4|). We observe that a set of all possible four- velocities u must be 
related by Lorentz group transformations too, i.e. {A^^} — Ls- Of course it 
does not coincide with our intersystcmic Lorentz group L. We call the group 
Ls a synchronization group 

Now, if we compose the transformations (0), (||) of L and (^5|)-(56) of Ls 
we obtain 

x' = T{u')AT-\u)x, (57) 
u' ^ D{AsA,u)u (58) 

with As e Ls, A g L. 

Therefore (^3)^(1^) obtained as a composition of two mutually com- 

muting transformations 

L.3(/.A„,:|-;^^<""^»^-<°'^ (59) 

I U — u 

L.^(A,./):^;=^;"7;'"'^ <»> 

I u = D(As, u)u 

Thus the composition law for (As, Aq) reads 

(As, Ao)(As, Ao) = (AsAs, AqAq). (61) 

It is evident that both Ls and Lq are isomorphic to the Lorentz group. Therefore 
the set {(As, A)} is the direct product of two Lorentz groups Lq® Ls- The 
intersystcmic Lorentz group L is the diagonal subgroup in this direct product, 
i.e. elements of L are of the form (A, A). Thus L acts as an authomorphism 
group of Ls- 

Now, the synchronization group Ls realizes in fact the relativity principle. In 
our language the relativity principle can be formulated as follows: Any inertial 
frame can he choosen as a preferred frame- What happens, however, when the 
tachyons do exist? In that case the relativity principle is obviously broken: // 
tachyons exist then one and only one inertial frame must be a preferred frame 
to preserve an absolute causality. Moreover, the one-way light velocity becomes 
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a real, measured physical quantity because conventionality thesis breaks down. 
It means that the synchronization group Ls is broken to the S'0(3)„ subgroup 
(stability group of u); indeed, transformations from the Ls/ SO{3)u do not leave 
the causality notion invariant. As we show later, on the quantum level we have 
to deal with spontaneous breaking of Ls to SO(3). 

Notice, that in the real world a preferred inertial frames are distinguished 
locally as the frames related to the cosmic background radiation. Only in such 
frames the Hubble constant is direction- independent. 

4 Quantization 

The following two facts, true only in CT synchronization, are extremely impor- 
tant for quantization of tachyons: 

• Invariance of the sign of the time component of the space-like four-mo- 
mentum i.e. e{k'^) = inv, 

• Existence of a covariant lower energy bound; in terms of the contravariant 
space-like four-momentum k^, k"^ < 0, this lower bound is exactly zero, 
i.e . > as in the time-like and light-like case. 

This is the reason why an invariant Fock construction can be done in our case. 
4.1 Tachyonic representations 

Our fundamental object will be a bundle of Hilbcrt spaces 7i„ corresponding to 
the bundle of the inertial frames. Here we classify unitary Poincare mappings 
in this bundle of Hilbert spaces for a space-like four-momentum. Furthermore 
we find the corresponding canonical commutation relations. As result we obtain 
that tachyons correspond to unitary mappings which are induced from 5*0(2) 
group rather than 5*0(2, 1) one. Of course, a classification of unitary orbits for 
time-like and light-like four- momentum is standard, i.e., it is the same as in EP 
synchronization; this holds because the relativity principle is working in these 
cases (synchronization group is unbroken). 

As usually, we assume that a basis in a Hilbert space Tiu (fibre) of one- 
particle states consists of the eigenvectors \k,u; . . .) of the four- momentum op- 
erators namely 

P''\k,u;...) = k''\k,u;...) (62) 

where 

{k',u;...\k,u;...) ^2k°S'^{k^ - k) (63) 

i.e. we adopt a covariant normalization. The k^ = g'^^k^ is positive and the 
energy /cq is the corresponding solution of the dispersion relation (^^; both fc° 
and fco are given by (^)-(^6|). In the following we will use the abbreviation 
Wk = k^ also. 

The covariant normalization in (|6^) is possible because in CT synchroniza- 
tion the sign of k^ is an invariant. Thus we have no problem with an indefinite 
norm in TLu- 
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Now, ku = k^uf^ is an additional Poincarc invariant. Summarizing, irre- 
ducible family of unitary operators U{A, a) in the bundle of Hilbert spaces i?„ 
acts on an orbit defined by the following covariant conditions 



.2. 



e{k^) = inv, for physical representations > so e(fc°) 
guarantee a covariant lower bound of energy; 



1 which 



q = uk = inv, it is easy to see that q is the energy of tachyon measured in 
the privileged frame. 



As a consequence there exists an invariant, positive definite measure 
diJ.{k, K, q) = d'^k e{k^)5{k'^ + K'^)6{q - uk). 



(64) 



Let us return to the problem of classification of irreducible unitary mappings 
C/(A, a) from Hu to Hu'- 

U{A,a}\k,u; . . .) = \k',u'; . . .); 

here the pair {k,u) is transported along trajectories belonging to an orbit fixed 
by the above mentioned invariant conditions. To follow the familiar Wigner 
procedure of induction, one should find a stability group of the double {k,u). To 
do this, let us transform {k, u) to the preferred frame by the Lorentz boost L~^. 
Next, in the privileged frame, we rotate the spatial part of the four-momentum 
to the ^;-axis by an appropriate rotation R^^ ■ As a result, we obtain the pair 
(fc, u) transformed to the pair (fc, u) with 



/1\ 





Vo/ 



(65) 



It is easy to see that the stability group of (fc, v) is the S0{2) = 50(2, 1)05*0(3) 
group. Thus tachyonic unitary representations should be induced from the 
SO{2) instead of SO{2, 1) group! Recall that unitary representations of the 
50(2, 1) non-compact group are infinite dimensional (except of the trivial one). 
As a consequence, local fields in the standard case are necessarily infinite com- 
ponent ones (except of the scalar one). On the other hand, in the CT synchro- 
nization case unitary representations for space-like four-momenta in our bundle 
of Hilbert spaces are induced from irreducible, one dimensional representations 
of SO{2) in a close analogy with a light-like four-momentum case. They are 
labelled by helicity A, by k and by q {s{k^) = s{q) is determined by q; of course 
a physical choice is e(g) = 1). 

Now, by means of the familiar Wigner procedure we determine the Lorentz 
group action on the base vectors; namely 



U{A)\k, u; K, A, q) = e'^¥'(A''='")|fc', u'; k, A, q) 



(66) 



where 



(67) 
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with 



(68) 



Here k and u transform accor ding to the law (0), (|), (0). The rotation 

Rfi connects k with D{L~^ ,u)k, i.e. 



Rf{k = D{L-\u)k = k. 
Taking into account (|65|) we can derive the exphcit form of Rf, 



(69) 



Rn — 



(l 








o\ 





^ + rr*-l 











1 + 








n2 





(70) 



where n = fc |. Notice that for rotations 5* form the stabihty group 5*0(2) 
Rsit — SRnS^^. 

It is easy to check that R^lflRfi is a Wigner-hke rotation belonging to 
the stability group SO{2) of {k, u) and determines the phase (p. By means of 
standard topological arguments A can take integer or half-integer values only 
i.e. A = 0,±l/2,±1,.... 

Now, the orthogonality relation (|6^) reads 

{k',u;K.',X',q'\k,u;K,X,q) =2uj^d^{k^ -k)dy,x. (71) 
4.2 Canonical quantization 

Following the Fock procedure, we define canonical commutation relations 

[ax{k, u), ar{p, u)]± ^ [a\{k, u), 4 (p, u)]± = 0, (72) 
[a\{k,u),al{p,u)]± = 2uji^d{k -p)6xT, (73) 

where — or + means the commutator or anticommutator and corresponds to the 
bosonic (A integer) or fermionic (A half-integer) case respectively. Furthermore, 
we introduce a Poincare invariant vacuum |0) defined by 

(0|0) = 1 and aA(fc,u)|0) = 0. (74) 

Therefore the one particle states 

al{k,u)\0) (75) 

are the base vectors belonging to an orbit in our bundle of Hilbert spaces iff 

U{A)a{{k, u)U{A-^) = e*^^(^'^-'")al(fc', u'), (76) 

[/(A)aA(fc, u)U{A-^) = e-*^^(^''='")aA(fc', u'), (77) 

and 

[P^,a[{k,u)].^k+al{k,u). (78) 
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Notice that 

= / d^k e{k'')6{k^ + K^)kf, I > J alik, u)ax{k, u) ) (79) 



is a solution of ((Tq). 

Let us determine the action of the discrete transformations, space and time 
inversions, P and T and the charge conjugation C on the states \k, u; k. A, q). 

P\k,u;K,X,q) =r],\k^,u'';K,-X,q), (80) 
T|fc, u; K, A, (?) = rytlfc", u''; k, A, q), (81) 
C|fc, u; K, A, q) = ?7c|fc, u; k, A, (j)c, (82) 

where |?7s| = I??*! = |^/c| — 1, k'^ — (fc",— fc), m'^ = (w*^,— u), the subscript c 
means the antiparticle state and P, C are unitary, while T is antiunitary. 

Consequently the actions of P, T and C in the ring of the field operators 
read 

Palik, u)p-^ = 77^aL^(fc'^, M^), (83) 
Ta\{k, u)T-^ ^ rita\{k'' ,vJ'), (84) 
C4(fc, u)C-i = ri^b{{k-^ ,u^), (85) 

where &a = — antiparticle operators. 

Finally we can deduce also the form of the hclicity operator: 

A(.) ^ ~ , ^'"^ (86) 

where 

is the Pauli-Lubanski four-vector. 
Notice that 

PA(u)p-i = -A(u'^), (87) 
TX{u)T-^ = A(u'^), 



as well as 



4.3 Local fields 



CA(u)C-i = A(m), (89) 
[X{u),a{{u,k)]^Xa{{u,k). (90) 



As usually we define local tachyonic fields as covariant Fourier transforms of the 
creation-annihilation operators. Namely 

(fa{x,u) ^ J' „ I dq I dfi{k,K,q) 



^\wax{k,u)e'''''b{{k,u) + vc,x{k,u)e-'''''ax{k,u) , (91) 

A 
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where the amphtudes Wa\ and Va\ satisfy the set of corresponding consistency 
conditions (the Weinberg conditions). Here we sum irreducible Poincare orbits 
labelled by selected helicities and over the invariant q. Thus the integration in 
( pl[ ) reduces to the integration with the measure 

d^l{k,K) = d'^ke{k")d{P + K^) (92) 

i.e. to the integration over the space of all initial conditions. 



5 Scalar tachyonic field and its plane-wave de- 
composition 

Let us consider a hermitian, scalar field ip{x,u) satysfying the Klein-Gordon 
equation with imaginary "mass" zk, i.e. 

{g^'-'{u)d^,d,~K^)^{x,u)^0. (93) 

The Fourier decomposition of the field if reads 

Vix, u) = \ [ d/i(fc, u) (e*'="at(fc, u) + e~''''^a{k, u)) . (94) 



(27r)3/2 

Integrating with respect to fco we obtain 
1 f rfik 

^(^'")= + (95) 

where the integration range V is determined by the eq. (^7|). 
The canonical commutation rules (|7|), (^) take the form 

[a(fc, u), a(p, u)] — \a) {k,u),a) {p,u)\ =0, (96) 
[a{k, u),a^{p, u)] = 2ujkS{k ~p). (97) 

By the standard procedure we obtain the commutation rule for ip{x,u) valid for 
an arbitrary separation 

[(p{x,u),ip{y,u)] = -iA{x - y,u), (98) 

where the analogon of the Schwinger function reads 

A(x, u) = / d^k S{k^ + K2)£(fc0)e*'=". (99) 

{2Try J 

It is remarkable that A does not vanish for a space-like separation which is a 
direct consequence of the faster-than-light propagation of the tachyonic quanta. 
Moreover A(x,u)\x0^o = and therefore no interference occurs between two 
measurements of ip at an instant time. This property is consistent with our 
interpretation of instant-time hyperplanes as the initial ones. 

Now, because of the absolute meaning of the arrow of time in the CT syn- 
chronization we can introduce an invariant notion of the time-ordered product 
of field operators. In particular the tachyonic propagator 

Af{x -y,u) = -i (0| T{(p{x, u) (p{y, u)) |0) 
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is given by 

Af{x, u) = ~0{x°) A-{x, u) + e{-x") A+(x, u) (100) 

with 

{2Try J 

The above singular functions are well defined as distributions on the space of 
"well behaved" solutions of the Klein-Gordon equation (p3|). The role of the 
Dirac delta plays the generalized function 

SU^ - y) - ji^S{x" - y") I d'k e*^ (102) 

The above form of Sf.{x) express impossibility of the localization of tachyonic 
quanta. In fact, the tachyonic field does not contain modes with momentum 
k inside the spheroid defined in eq. (^). Consequently, by the Heisenberg 
uncertainty relation, an exact localization of tachyons is impossible. 
Note also that 

d°Aix-y,u)Six"-y°)^SUx~y) 

so the equal-time canonical commutation relations for ip{x,u) and its conjugate 
momentum 7r(x,u) — d^ip{x,u) have the correct form 

5(a;0 - yO) [^(x, u), ^{y, u)] = 5(x" - y") [it{x, u),7r{y, u)] = 0, (103) 
[ifix, u), 7r{y, u)] <5(x° - = tS^x - y) (104) 

as the operator equations in the space of states. 

To do the above quantization procedure mathematically more precise, we 
can use wave packets rather than the plane waves. Indeed, with a help of the 
measure we can define the Hilbert space 7i„ of one particle states with the scalar 
product 



{f,9)u = J dfi{k, u) f*{k,u)g{k,u) <oo. (105) 

Now, using standard properties of the Dirac delta we deduce 

{f,9)u^ J^^nk,u)g{k,u). (106) 

It is remarkable that for tJk ~> to preserve inequality < oo the wave 

packets /(fc, u) rapidly decrease to zero. This means that probability of "mo- 
mentum localization" of a tachyon in the infinite velocity limit is going to zero 
in agreement with our intuition. As usually we introduce the smeared operators 

a(/,u) = (27r)-3/2 f dn{k,u)a{k,u)f*{k,u) (107) 



and the conjugate ones. The canonical commutation rules (p6|)-(p7|) take the 
form 

[aif,u),aig,u)] = [a\f,u),aHg,u)] =0, (108) 
[aif,u),a\g,u)]^if,g)u. (109) 
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We have also a{f,u) |0) = and {f,u\g,u) = (/,5)„, where \ f,u) = a\f,u) |0). 
According to our assumption of scalarity of ^p{x, u) 

L 9 A ; ip'{x\ u') = Lp{x, u). (110) 

The transformation law (|7^)-([77|) is realized as follows 

U{h)ip{x,u)U-^{K)=Lp{x',u'). (Ill) 

Therefore the wave packets must satisfy the scalarity condition 

nk',u') = f{k,u). (112) 

It follows that the family {[/(A)} forms an unitary orbit of the intersystemic 
Lorentz group L in the bundle of the Hilbert spaces TLu] indeed we see that 

{f',9')u>^{f.9)u- (113) 

Now we introduce wave-packet solutions of the Klein-Gordon equation via the 
Fourier transformation 

T{x, u) = (27r)-3/2 j d^{k, u) f{k, u)e~"^'' . (114) 
In terms of these solutions the scalar product (|105|) reads 



{J',Q)u = -i j d^xJ'*{x,u)^°g{x,u). (115) 

It is easy to see that for an orthonormal basis {<I>q,(x, u)} in Hu the completeness 
relation holds 

(a:, u)$a(y, u) = iA+{x - y, u), (116) 



where has the form (101) and it is the reproducing kernel in 7i„ i.e. 

(iA+(a;,u),$)„ = ^{x,u). 
Finally, the four-momentum operator has the form 

P/i = dfj,{k,u) kfj,a^ {k,u)a{k,u). (117) 



Thus we have constructed a consistent quantum field theory for the hermitian, 
scalar tachyon field ip{x,u). We conclude, that a proper framework to do this 
is the CT synchronization scheme. 

5.1 Spontaneous breaking of the synchronization group 

As we have seen in the foregoing section, the intersystemic Lorentz group L is 
realized unitarily on the quantum level. In this section we will analyse the role 
of the synchronization group Ls in our scheme. 

As was stressed in the Sec. 3.4, if tachyons exist then one and only one in- 
ertial frame is the preferred frame. In other words the relativity principle is 
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broken in this case: tachyons distinguish a fixed synchronization scheme from 
the family of possible CT synchronizations. Consequently, because all admissi- 
ble synchronizations are related by the group L5, this group should be broken. 
To see this let us consider transformations belonging to the subgroup Lq (see 
Sec. p.4| ). They are composed from the transformations of intersystemic Lorentz 
group L and the synchronization group L5; namely they have the following form 
(see eq. (|5^) and the definition of Lq), 

= x' = T{u)AoT-^{u)x = An{u)x. (118) 

We search an operator VF(Ao) implementing ( |ll8| ) on the quantum level; namely 

ifi'ix, u) = VK(A-i)^(x, u)W\A-^) = v{x',u). (119) 

This means that we should compare both sides of (|11S|) i.e. 



d^(fc, u) [e''=^a'^(fc, u) + e-''^'^a'(fc, u)] 

d^iip, u) [e''f^'a^(p, u) + e-'P^'aip, u)] , (120) 



where x' is given by eq. (118), while, formally 

a' = WaW\ a't = Wa^'WK 



(121) 



Taking into account the form of the measure (eq. (^2|)) and the fact that 
Ao(u) does not leave invariant the sign of fc", after some calculations, we deduce 
the following form of W: 



a'{k, u) = 9{k'°)a{k', u) + 9{-k'°)a'' {~k' , u), 
a'\k, u) = e(k'°)a\k', u) + 0(-fc'")a(-fc', m). 



(122) 
(123) 



where k' = A^^{u)k. 

We see that formally unitary operator W{Ao) is realized by the Bogolubov- 
like transformations; the Heaviside 6'-step functions are the Bogolubov coeffi- 
cients. The form (122)-(122) of the transformations of the group Lq reflects the 
fact, that a possible change of the sign of causes a different decomposition of 
the field (j) on the positive and negative frequencies. Furthermore it is easy to 
check that the transformation (122)-(123) preserves the canonical commutation 
relations (||)-(|3). 

However, the formal operator W^(Ao) realized in the ring of the field oper- 
ators, cannot be unitarily implemented in the space of states in general; only 
if Aq = A„ is an element of the stability group S0{3)u of u in L5, it can be 
realized unitarily. This is related to the fact that A^ d oes not change the sign 
of for any k. Indeed, notice firstly (see (122)- (|l23| )) that W{Ao) does not 
anihilate the vacuum |0). Moreover, the particle number operator 



N= dfj,{k,u)a^{k,u)a{k,u) 



applied to the "new" vacuum 



|0)' = w-^ |0) 



(124) 



(125) 
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gives 



N |0)' = 6^0) J (fik e{-{Ko{u)kf) |0)' . (126) 

The right side of the above expression diverges Hke ^^(0) for any Ao(u) G 
Lq/ SO{3)u- Only for the stabihty subgroup SO{5)u vacuum remains invari- 
ant. Thus, a "new" vacuum |0)', related to an essentially new synchronization, 
contains an infinite number of "old" particles. As is well known, in such a case, 
two Fock spaces H and H', generated by creation operators from |0) and |0)' re- 
spectively, cannot be related by an unitary transformation^ (W^(Ao) in our case). 
Therefore, we have deal with the so called spontaneous symmetry breaking of 
Ls to the stability subgroup 5*0(3) (recall that L is realised unitarily). This 
means that physically privileged is only one realization of the canonical commu- 
tation relations (|96|)-(p7|) corresponding to the vacuum |0). Such a realization 
is related to a definite choice of the privileged inertial frame and consequently 
to a definite CT synchronization scheme. Thus we can conclude that, on the 
quantum level, tachyons distinguish a preferred frame via spontaneous breaking 
of the synchronization group. 

To complete discussion, let us apply the four-momentum operator Pp, to the 
new vacuum |0) . As the resuh we obtain 

|0)' - ^S^O)Ao^''{u) ^ d^k e{~{Ao{u)k)°)k, |0)' . (127) 

This expression diverges again like ^^(0) for Aq G Lq/ SO{3)u- Therefore a tran- 
sition to a new vacuum (= change of the privileged frame) demands an infinite 
momentum transfer, i.e. it is physically inadmissible. This last phenomenon 
supports our claim that existence of tachyons is associated with spontaneous 
breaking of the the synchronization group. On the other hand it can be shown 
[ pT| that a free field theory for standard particles (bradyons or luxons), formu- 
lated in CT synchronization, is unitarily equivalent to the standard field theory 
in the EP synchronization; we do not repeat the corresponding proof because 
of its simplicity. 



6 Fermionic tachyons with heUcity A = di| 

To construct tachyonic field theory describing field excitations with the helicity 
±i, we assume that our field transforms under Poincare group like bispinor (for 
discussion of transformation rules for local fields in the CT synchronization see 
0); namely 

U{A)tl;{x, u)U{A-^) ^ S{A-'^)i^{x', u'), (128) 

where S{A) belongs to the representation ]jO^ ^j-^g Lorentz group. 
Because we are working in the CT synchronization, it is convenient to introduce 



■^We can treat (122 



|123| ), in some sense, as a quantum version of the familiar rein- 
terpretation principle 21j . We find that the reinterpretation principle cannot be unitarily 
implemented — this is just the source of inconsistencies in approaches incorporating this prin- 
ciple. 
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an appropriate (CT-covariant) base in the algebra of Dirac matrices as 

7'' = T{u)\Ye. (129) 
where 7^ are standard 7-matrices, while T{u) is given by the eq. (p^). Therefore 

{7^7''} = 2g^''H/. (130) 

However, notice that the Dirac conjugate bispinor ip — V'^7£;- Furthermore 

7' = -freM-A7^7"7"7^ = ll- 

Now, we look for covariant field equations which are of degree one|^ with 
respect to the derivatives df^ and imply the Klein-Gordon equation 

(5^"^Ha^9,-K2)V = 0, (131) 

related to the space-like dispersion relation fc^ = — k^. We also require the 
T-invariance of these equations. 

As the result we obtain the following family of the Dirac-like equations 

{(u7sinQ! — 1) {{iud) cos/3 — Ksin/3) — 7^ [{—i'jd) + ^[jd, uj] sina 

+UJ {{iud){l + cosasin/3) + Kcosa cos/3)]} V'(a;, u) = 0, (132) 

derivable from an appriopriate hermitian Lagrangian density. Here wy = u^'y^ , 
ud = u'^d^, jd = j'^d^ and a, f3 — real parameters, a 7^ (2n+l)^. To guarantee 
the irreducibility of the elementary system described by (132), the equation 
(132) must be accompaniated by the covariant helicity condition 

X{u)ip{u,k) = Xi:{u,k) (133) 

where A is given by ( pq ) taken in the coordinate representation (see below) and 
A is fixed (A = ^ or in our case). This condition is quite analogous to the 
condition for the left (right) bispinor in the Weyl's theory of the massless field. 
It implies that particles described by tp have helicity —A, while antiparticles 
have helicity A. For the obvious reason in the following we will concentrate on 
the case A = ^. 



Notice that the pair of equations (132,133) is not invariant under the P or 
C inversions separately for every choice of a and f3. 

Now, in the bispinor realization the helicity operator A has the following 
explicit form 

A(.) = -^^P^ (134) 

where the integral operator ((to9)^ + 1^) ^ coordinate representation is 

given by the well behaving distribution 

i ^ ^ ^' (135) 



**In the Ref. joj we found a class of the second order equations under condition of the 
P-invariance. 
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Now, let us notice that the equation ( |132| ) , supplemented by the helicity con- 
dition (133), are noninvariant under the composition of the P and C inversions 
(see eqs. (S3)-( p5[) and the Appendix), except of the case sina = cos/? = 0. 
Because ( |132| )- ^133| ) are T-invariant, therefore only for sina = cos/3 = they 
are CPT- invariant. Taking sin/3 = cos a = 1 we obtain from (|132D 



{K + 7^[i7a-2u7(ma)]}V' = 0, (136) 

supplemented by ( |l33| ). On the other hand, for cos a = — sin/3 = 1 we obtain 

(7^(^79) -k)V^ = 0. (137) 

The last equation is exactly the Chodos et al. Q Dirac-like equation for 
tachyonic fermion. However, contrary to the standard EP approach, it can 
be consiste ntly quantized in our scheme (if it is supplemen ted by the helicity 
condition (133)). In the following we will analyze the eqs. (137) and ( |l33| ) by 
means of the Fourier decomposition 



il^{x,u) 



(fk 5{e + K^)0(fc") wi {k)e'''''b\ (k) + v_i{k)e 



-ikx 



a_i (k) 

(138) 



of the field ip. The creation and annihilation operators a and b satisfy the 
corresponding canonical anticommutation relations ([7^)-(|73|), i.e., the nonzero 
ones are 



i_i (fc),ali (p)]+ = 2LJk<5(fc -p) 

2 2 

[6i(fc),6t(p)]+ -2c^k<5(fc -p) 



(139) 
(140) 



In (138) b_i and ai do not appear because we decided to fix A = ^ in (133) 
(compare with (po|)). As the consequence of (133) the corresponding amplitudes 
w_i and VI vanish. The nonvanishing amplitudes wi and v_i satisfy 



1 



(k + j^kj)wi {k, u) = 0, 

-f^[k-f,u-f]\ 
H , wi{k,u) = 0, 

(k — j^k'-f)v_i{k, u) — 0, 
j^[kj,u'j] 



2v^ 



v_i{k, u) = 0. 



Here fc° = Wk, q = uk. The solution of (|l4l| )- (|l44|) reads 




(141) 
(142) 
(143) 
(144) 

(145) 
(146) 
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Furthermore, the projections ww and vv read 



wi (k, u)wi {k, u) — {k ~ J^k^)— 1 



j'='[kj,uj] 



1 



v_i{k,u)v_i{k,u) — —(^ + 7^7)— 1 



75[fc7,M7] 



The above amphtudcs fulfil the covariant normalization conditions 

Hji {k, u)'-f^ujwi (fc, u) — v_i (fc, u)j^ujv_i{k, u) = 2g, 
il)i{k^,u)'-f^ujv_i{k,u) — 0. 



(147) 
(148) 



(149) 
(150) 



The amplitudes wi{k,u) and v_i{k,u), taken for the values k and u given in 
the eq. (|6^), have the following explicit form (for 7^ matrix convention — see 
Appendix) 



wi (fc, u) 



\ 



■\J-<1+ + K 




( 



v_i{k,u) 



\ 



-■\J -q + + k' 


^ \Jq + \/WT^ I 



(151) 



It is easy to see that in the masseless limit k ^ the eqs. (141)-(144) give the 
Weyl equations 



kjwi = kjv_ 



0, 



7^wi 



-wi^ 7 U_l 



as well as the amplitudes (145)-( |l46| ) have a smooth k ~* limit (it is enough 
to verify (151)). 



Now, the normalization conditions ( |149| )-(150) generate the proper work of 
the canonical formalism. In particular, starting from the Lagrangian density 
C = -0 (j ^ji'^d) — k) -0 we can derive the translation generators; with help of 
( pl8| , p^9|jl40| ) and ( |l49p5C| ) we obtain 



P„ 



(Pk 
2cjk 



fcp(a^ia_i +b\bi) 



(152) 



In agreement with (|78|). Thus we have constructed fully consistent Poincare 
covariant free field theory for a fermionic tachyon with helicity — i , quite anal- 
ogous to the Weyl's theory for a left spinor which is obtained as the k ^ 
limit. 



7 The stability of vacuum 

One of the serious defects of the standard approach to the tachyon field quan- 
tization is apparent instability of the vacuum. The reason is that relativistic 
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kinematics admits in this case many-particle states with vanishing total four- 
momentum. It is related directly to the fact that for each (space-like) four- 
momentum, say /c^, the four-momentum — fc^ with the opposite sign is kine- 
matically admissible, because there is no covariant spectral condition fc^ > 
for space- like A;^. 

Notwithstanding, such a situation does not take place in the presented 
scheme, because space-like four-momentum k satisfies the invariant spectral 
condition, fc° > in each inertial frame^. Thus the sum of k and k' satisfies the 
same spectral condition. In brief, we have exactly the same situation as in the 
case of the time-like (or light-like) four-momenta under the invariant spectral 
condition, fcg > 0. This means that in our scheme multiparticle states with 
vanishing total four-momentum do not appear, so the vacuum |0) cannot de- 
cay. For example, for two particle state \q = k + p) = |fc) (g) \p), where k and 
p satisfy spectral condition, i.e., fc° > 0, p° > 0, we have the inequality > 
(i.e., q ^ 0), so there is no vacuum-like state with the four-momentum q — 0. 
Concluding, this theory is stable. 



8 Conclusions 

The main result of this work is demonstration that it is possible to construct 
Poincare-covariant theory for tachyons on both classical and quantum level. The 
only price is necessity of existence of a preferred frame. Tachyons are classified 
according to the unitary representations of 50(2) rather than 50(2, 1) group; 
so they are labelled by the eigenvectors of the helicity operator. In particular 
for the helicity A = ±i we have constructed family of T-invariant equations 



(132). Under condition of PCT invariance we selected two equations (136) and 



(137 



137). The equation (137) coincide with the one proposed by Chodos et 



ll. We show by explicit construction that, in our scheme, theory described by 



this equation, supplemented by the helicity condition (133) can be consistently 
quantized. This theory describe fermionic tachyon with helicity — i. It has a 
smooth massless limit to the Weyl's left-handed spinor theory. These results 
show that there are no theoretical obstructions to interpret the experimental 
data about square of mass of neutrinos H, ^ as a signal that they can be 
fermionic tachyons. A more detailed discussion of this problem is given in the 
paper [|4|. 

We can conclude that, contrary to the current opinion, it is posible to agree 
the Lorentz covariance with universal causality and existence of a privileged 
frame. Moreover, a consistent quantization of the tachyonic field in this frame- 
work is possible. From this point of view the Einstein-Poincare synchronization 
is useless in the tachyonic case — the proper choice is the CT synchronization. 
On the other hand, in a description of bradyons and luxons only, we are free in 
the choice of a synchronization procedure. For this reason we can use in this 
case CT-synchronization as well as the EP one. 

The CT-synchronization, a natural one for a description of tachyons, favour- 
izes a reference frame (privileged frame). This preference is only formal (it is 
a convention) if tachyons do not exist. However, if they exist, then an inertial 
reference frame is really (physically) preferred, what in fact holds in the real 

^Recall tha t in the asymptotics fc'' — + the wave packets decrease to zero (see remark 



below the eq. (106) 
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world. As a consequence, the one-way light velocity can be measured in this 
case and, in general, it will be direction-dependent for a moving observer. Light 
velocity is isotropic only in the privileged frame. In the observed world we 
have a serious candidate to such a frame; namely frame related to the cosmic 
background radiation. 



A Derivation of the Lorentz group transforma- 
tion rules 

Let us derive the form of transformations between two coordinate frames x'^ 
and x'^; for simplicity we denote D{K,u[ue)) = 'D{K,ue) 



x'{u'e) = I'(A, ue)x{ue), 



(153) 



where I'(A, ue) is a real (invertible) 4x4 matrix, A belongs to the Lorentz 
group and is assumed to be a Lorentz four- vector, i.e.. 



u'e — ^ue, ue^ = 1 > 0. 



(154) 



The transformations ( |l53| )-(154) constitute a realization of the Lorentz group 
if the following composition law holds 



2?(A2, Kiue)V{Ki,ue) = V{A2Ai,ue). 



(155) 



Now we demand that {x^) = {x^,x) transform under subgroup of rotations as 
singlet + triplet (isotropy condition), i.e. for R G SO(3) 



n = v{r,ue) = 



'1 0^ 
,0 R, 



(156) 



From eqs. (153)-(155) we see that the identity and the inverse element have the 
form 



I^V{I,ue), 
V-\A,ue) =V{A-\Aue). 

Using the familiar Wigner's trick we obtain that 

V{A,ue) ^T{Aue)AT-\ue), 

where the real matrix T{ue) is given by 

T{ue) = V{Lue,ue)L~1. 



(157) 
(158) 

(159) 

(160) 



Here ue = (1,0,0,0) and L^e is the boost matrix: ue = Lu^ue- We use the 
following parametrization of the matrix 





ul 


Ue 


H 


(i+O - 
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Note that the transformations (|153|)-(154) leave the bihnear form x'^{ue) 



(161) 



g{uE)x{uE), where the symmetric tensor g{uE) reads 
g{uE) {T{uE)-nT'^{uE))~^, 



invariant. Here 77 is the Minkowski tensor and the superscript means trans- 
position. 

Now we determine the matrix T{ue)- To do this we note that under rotations 
T{VLue) ^ nT{uE)^'\ 
so the most general form of T{ue) reads 



T{ue) 



a{u%) 


b{u%)ul 


d{u%)ll'E 


eK)/4 


^ [uE «) iil)f{u%) 



(162) 



wher e a, &, d, e and / are some functions of u^. Inserting eq. (162) into eq. 
(161) we can express the metric tensor g{uE) by a, b, d, e and /. In a three 
dimensional flat subspace we can use an orthogonal frame (i.e. {g~^y^ = —5^^; 
i,k — 1, 2, 3), so we obtain 



e«) = l, d'^i2-ful)f. 



(163) 



Furthermore, from the equation of null geodesies, dx^ gdx — 0, we deduce that 
the light velocity c in the direction n [n^ = 1) is of the form 



(164) 



where a = a? — b'^u'^, (3 = ad — 6(1 + fu^)- From eq. (164) we see that 
the synchronization convention depends on the functions a and /? only. Now, 
because a, 6 and d can be expressed as functions of a, (3 and / and we are 
interested in essentially different synchronizations only, we can choose 



so 



0, 13 



7,2 -a 
b Ue. 



(165) 



(166) 



Finally, from (164)-( |l66| ) the average value of |c| over a closed path is equal to 

1 

a 



(IcDcl. 



path 



Because we demand that the round-trip light velocity ((|c|)ci. path = c = 1) be 
constant, we obtain 



1. 



Summarizing, T{ue) has the form 

T{ue) = 





6(4)^i 








(167) 



(168) 
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while the Ught velocity 



c — n{l + buEn) ^ , 
so the Reichenbach coefficient reads 



(169) 



e{n, ue) = 2 (-'^ ^ buEn) . 



(170) 



In the special relativity the function b{u°^) distinguishes between different 
synchronizations. Choosing b{u^) = we obtain c ~ n, e = and the stan- 
dard transformation rules for coordinates: x'^ — Axe, where, as before the 
subscript e denotes EP-synchronization. On the other hand, if we demand 
that the instant-time hyperplane x° = constant be an i nvariant n otion, i.e. that 
x'° = V{A,ue)°o^° so V{A,UEfk = 0, then from eqs. (|l59| , |l6|) we have 



b{u°E) 



i.e. finally 



T{ue) 





1 
























(171) 



(172) 



Thus we have determined the form of the transformation law ( 153 ) in this case 
in terms of the EP four-velocity ue - No tice that in terms of m = T{ue)ue, the 
matrix T = T{u), by means of eq. (168) has the form 



so for b{u) determined by (171), b ~ 



\ — ' 


b{u)if- 


^ 


I 


b = 


~u°, i.e. 



(173) 



Tin) 










I 



(174) 



in this case. 



B Representation of the discrete symmetries 



The discrete transformations P, T and C, defined by the eqs. (|80|)-(p^ are 
realised in the bispinor space standardly, i.e. P by 7^, while T and C by T and 
C satisfying the conditions 



T^T = I, T*T=-I, T-^-i>''^T = Y, 
C'^C = I, C*C = -I, = -C, C-'^j'^C 



-r 



(175) 
(176) 



Notice that the last condition in (175) and (176) can be fortmulated in terms 
of the standard 7^ exactly in the same form. 
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In explicit calculations of the amplitudes (151) we have used the following 



representations of the je matrices: 7b / ' ~ 0/ ' ^^^^ 

representation the parity, charge conjugation and time inversion are given, up 
to a phase factor by 

T-i /-> 02 n- -025 

Finally, we use e^""^^ with e°-^^'^ = 1; consequently = i'^eIeIeIe- 
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